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Abstract: This paper presents theoretical and experimental studies of ultrabright internal 
second harmonic during femtosecond superradiant emission generation in multiple sections 
GaAs/AlGaAs laser structures at room temperature. Experimentally measured conversion 
efficiencies are by 1-2 orders of magnitude greater than expected. To explain this fact, a 
model based on one-dimensional nonlinear Maxwell curl equations without taking into 
consideration the slowly-varying envelope approximation has been developed. It has been 
demonstrated that strong transient periodic modulation of e-h density and refraction index 
dramatically affects the process of superradiance in semiconductor media and can explain the 
ultrastrong internal second harmonic generation. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
1. Introduction 
Superradiance (SR) has been extensively studied for a long period of time since its invention 
in 1954 [1]. SR pulses have been observed in many types of media including gaseous, solid-
state, polymer, and 0D, 2D, and 3D semiconductor devices [2–7]. Due to ultrafast 
characteristic times of electrons and holes in semiconductors, observable pulsewidths of SR 
pulses are in picoseconds and femtosecond ranges [2,4]. SR emission generated by 
semiconductor structures possesses a number of unique features, including ultrastrong 
internal second harmonic generation (SHG), superluminal pulse propagation [8], and greater 
coherence than lasing [9]. We have previously reported the generation of high-power 
femtosecond SR pulses from a number of semiconductor multiple contact laser devices at 
room temperature [2,4–9]. Such observations however have led to debate on whether the 
pulses generated are really akin to those superradiant phenomena observed in low temperature 
or low density structures, and whether they are different, for example, than those generated by 
conventional form of lasing. It has been recently demonstrated [8] that a characteristic feature 
of SR in semiconductors is strong coherent population λ/2 gratings burned by counter 
propagating femtosecond SR pulses in the e-h ensemble density. Due to a strong dependence 
of the refractive index on the carrier density in semiconductor materials, population gratings 
cause strong refractive index gratings which affect the propagation of SR pulses through the 
semiconductor. In addition, semiconductor materials exhibit strong quadratic nonlinearity and 
efficient SHG. A number of observations of internal SHG generation in GaAs and InGaAsP 
lasers were reported in the mid 1960’s and 1980’s [10–12]. Due to a very strong absorption 
coefficient γ exceeding 105 cm−1 at the SH wavelength in active layers of the lasers, the SHG 
output conversion efficiency is extremely low. The observed SHG power comes from the 
vicinity of the chip facet less or around the emission wavelength in depth. Since typical peak 
powers of SR pulses are much greater than these of lasing from the same devices, it is clear 
that SH should be larger when femtosecond SR pulses are generated. Indeed, we have 
observed bright blue emission from infrared GaAs/AlGaAs lasers under SR [13]. 
Furthermore, the intensity of SH and the efficiency of the frequency doubling proved to be by 
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1-2 orders of magnitude larger than that suggested by the theory of SHG. The phenomenon of 
the ultrabright SHG is important from both fundamental point of view and applications. It 
provides an additional evidence that SR is intrinsically different from lasing. It can be 
exploited for an efficient frequency doubling when other methods fail. 
This paper presents further study of an influence of both population coherent grating and 
refractive index ones on the SR pulse generation. By comparing the results of modeling with 
the experimental data observed previously [2,4–9,13], one will clearly see that the formation 
of transient coherent e-h gratings can explain many features of SR, including unusually strong 
internal second harmonic generation and superluminal pulse propagation. The modelling 
shows that the periodic modulation of the nonlinear susceptibility of the medium during the 
SR pulse generation, caused by population and index gratings, is the most probable physical 
reason for a significant increase in the internal SHG efficiency. The model explains also why 
the efficiency of the internal SHG is so different for standard lasing and SR which is observed 
experimentally. 
2. Experiment 
A large variety of multiple section GaAs/AlGaAs bulk laser structures capable for the 
generation of SR emission were studied. In general, they had gain and saturable absorber 
sections of different geometries with different gain/absorber ratios and total cavity lengths. 
The devices under test were described in detail in our previous publications (see, for instance 
[2,13],). The composition of the GaAs/AlGaAs heterostructures varied a lot resulting in a 
broad range of the operating wavelengths between 820 and 890 nm. All devices can operate 
in c.w. lasing mode, gain/Q-switching or SR regimes depending on the driving conditions. 
Figure 1 presents microscopic view of two experimental samples having straight and tapered 
waveguides. A strong reverse bias of the central absorber section allows for frustrating the 
onset of lasing in the sample for a few nanoseconds and achieving much greater e-h densities 
than the threshold lasing density. At the appropriate driving conditions [4] SR phase transition 
occurs in the system and giant superradiant 200-400 femtosecond long pulses with peak 
powers of over 120-200 W are emitted. 
 
Fig. 1. Top view of experimental samples with straight (a) and tapered (b) active regions. 
It has been observed that quite bright blue/violet emission is generated alongside with IR 
SR pulses. Figure 2 illustrates a typical SHG beam at around 442 nm which is emitted from 
the sample along with the collimated fundamental SR harmonic at 884 nm. The square blue 
filter shown in Fig. 2 blocks the fundamental beam and prevents an overexposure of the CCD 
detector. The laser was driven by 10 ns long current pulses with an amplitude of around 720 
mA at the repetition rate of 10 MHz. The reverse bias was – 5.3 V. The maximum detected 
average power of the second harmonic was just under 0.2 μW at the fundamental average 
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power of about 1.92 mW. The measured SHG power varied a lot among the samples under 
test depending on parameters of the sample and driving conditions. 
 
Fig. 2. SHG blue light beam from a GaAs/AlGaAs superradiant device as seen with a 
collimating lens through an optical filter. The fundamental harmonic average power was about 
2 mW. 
Figure 3 presents measured SH average power versus reverse bias V for 3 samples. The 
SH power is negligible at reverse biases below around V = 1.0-1.5 V. This corresponds to 
normal lasing in the devices. 
 
Fig. 3. SHG intensity versus reverse bias of 3 samples. The amplitude of the current pulses was 
770 mA. 
SR pulses are generated at larger V [2,4]. In general, the peak power and the number of 
SR pulses increases first with increasing V and the SHG intensity rises sharply. At certain V 
the number of SR pulses starts to drop rapidly and the SHG average power decreases. Similar 
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behaviour has been observed for all samples. Table 1 presents the result of the measurements 
of intensity of the first and second harmonics outside the samples. The conversion efficiency 
coefficient η (1/Watt) is determined by the relation P2ω = ηPω2 [11,13]. 
Table 1. Measured the first and second harmonics intensities for different samples 
Sample Average Pω Average P2ω η(1/W) Description 
H2-51 192mW 193nW 4.7 × 10−6 250µm long, 5 µm 
straight 
H2-31 9.2mW 104nW 1.1 × 10−7 350µm long, 5 to 30 
µm taper 
H2-33 9.7mW 130nW 1.3 × 10−7 350µm long, 5 to 30 
µm taper 
H2-52 2.3mW 36nW 6.2 × 10−7 250µm long, 5 µm 
straight 
H2-63 3.4mW 43nW 3.4 × 10−7 350µm long, 5 µm 
straight 
H2-112 3.2mW 41nW 3.6 × 10−7 450µm long, 5 µm 
straight 
H2-131 4.1mW 56nW 3.0 × 10−7 450µm long, 5 µm 
straight 
The values of η for SR pulses measured experimentally by more than the order of 
magnitude greater than these measured under standard lasing conditions and previously 
published in [10–12]. Indeed, the published values of η vary between 2.5x10−8 and 2.9x10−9 
W−1, whereas η in the Table 1 lies in the range of 4.7x10−6 and 1.1x10−7 W−1. It should be 
noted that the values of η in Table 1 were calculated for the peak powers of the fundamental 
and the second harmonic femtosecond pulses outside the laser cavities. The internal SH 
power and SHG conversion efficiencies published in [10–12] were measured outside the 
cavities for c.w. or quasi-c.w. laser emission. In this case the peak and average powers were 
the same. That is why the comparison of the conversion efficiencies is correct since values of 
peak powers are used for all cases. Strictly speaking, values of the fundamental and second 
harmonics inside the cavities should be used for the estimation of η. However, the ratio of the 
second and first harmonic powers inside and outside the cavity is determined by the ratio of 
the corresponding refractive indices. The difference of the refractive indices leads to a 
correction of the calculated η by less than 15-20% for the values in Table 1 as well as 
calculated in [10–12]. 
The recorded intensity of SHG and the efficiency of the frequency doubling are by 1-2 
orders of magnitude larger than that suggested by a conventional theory of SHG in bulk 
materials. One of possible explanations of this discrepancy is the presence of a weak 
refraction index periodicity of the active medium caused by transient population and index 
gratings which exist during SR emission generation [8]. We demonstrate that this fact can be 
confirmed by a theoretical model which takes into account both population and refractive 
index transient gratings. 
3. Theoretical model 
SR has been extensively studied theoretically in different media for many years [14–16]. 
Most of the models are based on solutions of semi classical or quantum Maxwell-Bloch 
equations. Because of the complexity of this treatment, the associated optical field equations 
have been traditionally simplified using several approaches, including the slowly-varying 
envelope approximation (SVEA) and rotating wave approximation (RWA). Our previous 
models of the SR generation in semiconductors [6,17,18] were also based on the first two 
approaches. It described reasonably well the basic properties of SR pulses. However, the 
approximations associated with these methods limit their range of applicability when 
ultrashort pulse phenomena and inhomogeneous media are considered. The finite-difference 
time-domain (FDTD) solution of the full-wave vectorial Maxwell–Bloch equations has been 
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previously used for the investigation of nonlinear gain spatio-temporal dynamics of active 
optical waveguides and semiconductor microcavities [19–21]. The interaction of the 
electromagnetic field with transient population gratings can result in significant deviations of 
experimentally observed SR pulses from results of models which treat the semiconductor as a 
spatially uniform medium. A model based on full Maxwell equations without the SVEA 
simplification can consistently take into account all features of the interaction of femtosecond 
SR pulses with the e-h system having a fine (λ/2) periodic spatial structure. This approach 
does not require splitting the optical field into counter-propagating waves as well as dividing 
the carrier density into continuous and spatially oscillating components as has been done in 
our previous model [8]. 
Assuming for simplicity that the medium is nonpermeable and isotropic, Maxwell’s curl 
equations in one dimension are [22] 
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where ε(z) is the relative permittivity of the medium and the polarization Px consists of the 
linear and nonlinear terms 
 (1) (2) 2l nlx x x x xP P P E Eχ χ= + = +  (4) 
We treat semiconductor medium as a two-level system, because, as we have demonstrated 
before [4,23], during the early stages of the development of SR pulses almost all electrons 
and hole condense in the phase space at the band gap. As opposed to case of lasing and 
spontaneous emission when e-h pairs are located over a broad energy range within the 
conductive and valence bands, SR pulses originate from the recombination of e-h pairs 
located within a narrow band at the band gap energy [23]. There is negligible emission from 
upper energy levels, and so the density matrix formalism for a two-level system is valid. The 
Bloch equations for the elements of the density matrix are [19] 
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The components u and v represent, respectively, the dispersive or in-phase and the absorptive 
or in-quadrature polarization components associated with the dipole transition. The 
polarization of the two-level medium is determined by the relation Px(t) ndu(t)= − , where d 
is the transition dipole moment, and n is the e-h density. The component w represents the 
fractional population difference in the two-level system states and T1 is the e-h spontaneous 
lifetime. Due to a strong dependence of the refractive index on carrier density in 
semiconductor media, a transient spatial population grating results in a corresponding 
refractive index grating. We have included this effect by an introduction of a parameter which 
is proportional to the linewidth enhancement factor α of the semiconductor structure [24,25]. 
This factor is defined as 
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The real and imaginary parts of χ(1) are related to the refractive index and optical gain, 
respectively. The physical origin of α lies in the asymmetric nature of electron and hole 
distributions in semiconductors. The value of α depends on many factors, including the 
material parameters of the semiconductor, frequency shift with respect to the optical gain 
peak, excitation level, device geometry, etc. By contrast to gaseous and solid-state media 
where α is negligible, it can be far greater than 10 in bulk GaAs/AlGaAs heterostructures at 
photon energies close to the band gap [25]. We calculated the relevant values of α for each 
wavelength shift (depending on bias V) and each value of the carrier density using the 
approach by Vahala et al [25]. 
The full-wave vector Maxwell’s equations coupled to the time evolution equations of the 
two-level quantum system are discretized using the Yee, staggered-grid finite difference 
algorithm for Maxwell’s equations [26]. The system is solved numerically in the time domain 
by the standard leapfrog time-advancing scheme (FDTD). We used the same algorithm for the 
numerical solution of the equations as described elsewhere [19–21]. At each time step, the 
Courant stability criterion Δ / Δ 1c t z ≤  is fulfilled in the manner described in [19]. We have 
used very fine discretization in space in order to spatially resolve λ/2 gratings. The boundary 
conditions and field reflections at the chip facets are automatically taken into account by the 
spatial profile of the dielectric constant ε(z). The modification of the numerical algorithm can 
be easily performed since the FDTD calculation scheme of Yee has already been adapted to 
several nonlinear problems of electromagnetism such as the propagation of solitons [27], the 
self-focusing of beams [28], and the SH generation [22]. The model was calibrated in such a 
way that the peak power of the first harmonic SR pulses and their durations was 
approximately equal to the measured experimental data at given driving current amplitudes 
and reverse biases V. 
Figures 4, 5, and 6 illustrate the results of calculations. The spatial evolution in time of the 
electromagnetic field (the first and second harmonics) and the carrier density and refractive 
index was calculated. Since the all variables have a very fine sub-μm spatial structure, it was 
impossible to plot clearly the spatial distribution over the full length of the sample. As 
mentioned above, the SH is effectively generated at the facets of the devices. Thus, the 
calculated distributions of all variables inside the structure are plotted for the last 2-3 microns 
at the chip facet where SHG has maximum intensity (see Fig. 5 below). The carrier density 
and the fundamental harmonic have a sine/cosine-like distribution with a λ/2 and λ 
periodicity, respectively. The SH electric field has a more complex spatial structure due to the 
interaction with the transient population grating. 
As mentioned above, observed SH power primarily comes from the vicinity of the chip 
facet due to its large absorption of the semiconductor. Figure 5 presents a typical snap-shot of 
the fundamental and SH powers at the facet during an SR pulse generation. 
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 Fig. 4. A snap-shot of the calculated distribution of the carrier density, fundamental and second 
harmonic fields at a certain time during the SR pulse generation. The vertical axis is plotted in 
the arbitrary units. 
 
Fig. 5. Calculated distribution of the fundamental (red) and second harmonic (green) powers at 
the chip end. 
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As one expects, the SH intensity grows rapidly towards the facet. The maximum power 
and the SHG conversion efficiency is strongly affected by transient population and index 
gratings existing inside the sample. It is expected that the SH power and the conversion 
efficiency should increase with increasing the initial e-h density at the very beginning of an 
SR pulse evolution. The transient gratings are much more pronounced at greater values of n. 
Figure 6 shows dependences of the SH peak intensity versus the fundamental peak power and 
initial e-h density. For relatively small values of Pω the SH power follows the conventional 
law P2ω ∝ Pω2. However, at larger Pω the SH intensity increases more rapidly. This is 
because the peak power of the fundamental harmonic depends strongly on the initial carrier 
density. At the same time, the strength of both transient population and index gratings 
increases with carrier density as well. The maximum calculated amplitude of the carrier 
density variation can be as large as 6 x 1018 cm−3, the corresponding refractive index 
variations being of about 10−2 [13]. 
 
Fig. 6. Calculated normalized intensity of the internal SHG intensity versus peak fundamental 
power (top) and initial inversion (bottom). 
We attribute the enormous enhancement of the efficiency of the SH generation to the 
interaction of the electromagnetic field with population and index gratings which are built up 
in the semiconductor medium during the SR emission generation. 
                                                                                              Vol. 26, No. 20 | 1 Oct 2018 | OPTICS EXPRESS 26163 
4. Discussion 
Internal SH intensity can be easily calculated since SHG has been one of the most studied 
phenomena in nonlinear optics and the theory of SHG is well-known. The SH intensity is 
derived from a wave equation for the electromagnetic field E2ω.Without depletion of Eω 
propagating in z direction it reads 
 22 2
2
i kz
eff
E i d E e E
z c
ω
ω ω
ω
ω γ
μ
Δ∂
= − −
∂
 (7) 
where deff is the effective nonlinear coefficient, Δk is the phase mismatch, μ2ω is the refractive 
index at the SH wavelength, and c is the velocity of light. The solution of the equation can be 
readily found and 
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Since γ >> 105 cm−1, the SH intensity saturates at distances < 1 μm. For GaAs one has deff 
= 2.0 x10−10 m/V, μω = 3.62, μ2ω = 5.04, γ = 2.83x107 m−1 at the SH wavelength of 440 nm. 
The solution of Eq. (7) with (8) gives for the SH intensity 22 0 2 2 / 2I c Eω ω ωε μ=  (in W/m2) 
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This gives the value η = 8 x 10−9 W−1 in our case of the emission area of around 2.5x10−12 
m2. As presented in Table 1, the measured SH power and conversion efficiency is 1-2 orders 
of magnitude greater than the calculated value. 
The exact physical reason behind the ultra strong SHG under SR generation is unclear at 
the moment. However, one of the possible causes of this effect is an existence of periodic 
modulation of the e-h density and strong transient population and index gratings which 
associate the process of SR in semiconductor media. By contrast to standard lasing, when the 
population grating also exists and the typical modulation of the e-h density is a few percent 
only, the modulation of e-h density approaches 100% when SR pulses are generated. It has 
been previously found [8] that coherent transient gratings strongly affect the group refractive 
index of the medium and cause the superluminal propagation of SR pulses. 
A refractive index grating can significantly alter the phase-matching condition of the 
nonlinear wave interaction. It may permit effective SHG even if the phase-matching condition 
is not satisfied in a uniform medium of the same background refractive indices at the 
fundamental and SH frequencies. This phenomenon was first investigated many years ago 
[29]. A periodic grating rephases the nonlinear polarization and the generated electromagnetic 
waves. Strong periodic λ/2 modulation of the e-h density and corresponding modulation of 
the refractive index can result in quasi phase matching conditions in a similar manner as in 
periodically poled materials used for frequency doubling. In addition, it has been shown that 
even a weak spatial periodic modulation of the order of the wavelength of the nonlinear 
susceptibility χ(2) of a medium leads to a remarkable enhancement of the SH conversion 
efficiency [30]. It has been demonstrated that a periodic variations of the refractive index 
~10−3 – 10−2 can result in an increase of the SHG efficiency by more than an order of 
magnitude at appropriate conditions. Moreover, it has been experimentally proved [31] that 
the SHG conversion efficiency is enhanced in a periodically stratified GaAs/AlGaAs 
structures as compared to a spatially uniform medium of the same composition. 
It is reasonable to suggest that the periodic modulation of the nonlinear susceptibility of 
the medium during the SR pulse generation, caused by population and index gratings, leads to 
a significant (experimentally observed) increase in the internal SHG efficiency. A λ/2 
transient grating of the refraction index distorts the natural dispersion of the material in a 
                                                                                              Vol. 26, No. 20 | 1 Oct 2018 | OPTICS EXPRESS 26164 
similar manner to 1D photonic crystals. As a result, the efficiency of the harmonic doubling is 
strongly enhanced. A similar effect has been reported by de Ceglia et al [32] who 
demonstrated a drastically enhanced SHG in a 1D GaAs subwavelength resonant grating 
under an external optical pumping. The coupling of the pump field to guided mode 
resonances produced by the grating introduces sharp, Fano-like resonances where strong field 
localization and enhancement take place, leading to the prediction of SHG conversion 
efficiencies that are 4–5 orders of magnitude larger than in bulk structures. 
The developed model can be used for the simulation of the SR generation in other types of 
resonators, for example ring cavities, Fabry-Perrot cavities with antireflection coatings, or 
lasers where refractive index gratings are formed on purpose (DFB or DBR semiconductor 
lasers). It should be noted, however, that the simple presence of a periodic modulation of the 
refractive index is not sufficient for enhancing of the internal SHG. The period of the spatial 
modulation and its amplitude should be appropriately chosen. The present model allows for 
accurate calculations of those parameters and proper design of laser cavities for achieving the 
ultimate parameters of SR pulses and maximum intensities of SHG. 
5. Conclusion 
In summary, we have presented experimental and theoretical studies of the generation of 
ultrabright internal second harmonic during SR emission generation in semiconductor laser 
structures. Typical experimentally measured conversion efficiencies proved to be by 1-2 
orders of magnitude greater than those previously reported in semiconductor lasers based on 
bulk and quantum-well materials. A model based on nonlinear one-dimensional Maxwell curl 
equations without taking into consideration the slowly-varying envelope approximation has 
been developed. The model takes into account a deep λ/2 modulation of the carrier density 
and corresponding modulation of the refractive index and nonlinear susceptibility and 
describes well the evolution of femtosecond SR pulses. The formation of transient coherent 
population and refractive index gratings can explain many features of SR, including unusually 
strong internal second harmonic generation and superluminal pulse propagation which has 
been observed previously. 
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